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Abstract 

The  capacity  fading  of  LiMn204  is  improved  by  adding  amphoteric  oxides  such  as  A1203,  ZnO,  Sn02,  and  Zr02  to  the  cathode  slurry.  The 
effectiveness  of  the  amphoteric  oxides  on  the  fade  resistance  of  LiMn204  is  compared  by  measuring  the  capability  of  scavenging  hydrofluoric 
acid  (HF)  in  the  electrolyte  by  the  oxides  using  a  pH  meter  and  by  BET  surface  analysis.  Results  suggest  that  the  capacity  fading  is  determined  by 
the  reactivity  of  oxides  with  HF  and  the  effective  surface-area  of  the  oxide  particles  when  they  were  mixed  in  the  slurry.  Zinc  oxide  is  the  most 
effective  of  the  oxides  in  scavenging  HF. 

©  2008  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Lithium  manganese  oxide  (LiMn204)  has  attracted  much 
attention  as  a  cathode  material  for  lithium-ion  batteries  due  to  its 
non-toxic  nature  and  cost  effectiveness.  The  LiMn204  cathode, 
however,  suffers  from  poor  cycleability  and  structural  instabil¬ 
ity  due  to  secondary  phase  formation  and  Jahn-Teller  distortion 
in  the  voltage  range  of  3-4  V  [1],  It  has  been  reported  [2]  that 
LiMn204  dissolution  occurs  when  lithium  hexafluorophosphate 
(LiPFg)  reacts  with  H2O  to  produce  hydrofluoric  acid  (HF)  in 
the  electrolyte.  The  loss  of  capacity  by  Mn  dissolution  can  be 
understood  in  terms  of  Hunter’s  reaction  [3],  i.e., 

4H+  +  2LiMn3+Mn4+04 

-*  3/-Mn02  +  Mn2+  +  2Li+  +  2H20  (1) 

and  it  has  been  proposed  that  excessive  capacity  fading  of 
LiMmCL  at  elevated  temperatures  is  due  to  the  dissolution  of 
Mn02  and  Li20  into  the  electrolyte  [4-7], 
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Various  approaches  have  been  carried  out  to  overcome  the 
shortcomings  of  LiMn204  [8-13].  Several  research  groups  have 
reported  that  the  substitution  of  mono,  di  or  trivalent  cations 
in  LiMn204  decreases  Mn3+  ions  that  cause  ion  dissolution 
[8-11].  Liu  et  al.  [12]  reported  that  a  Li4Ti50i2  coating  on  a 
LiMn204  cathode  improves  the  cycle  properties  by  preventing 
electrolyte  decomposition  on  the  electrode  surface.  Improve¬ 
ment  of  the  fade  resistance  of  cathodes  by  adding  dimethyl 
acetamide  (DMAc)  to  the  electrolyte  was  also  communicated  by 
Li  and  Lucht  [13],  They  suggested  that  DMAc  suppresses  the 
reaction  of  LiPFg  with  water  impurity  in  the  cell  and  decreases 
capacity  fading.  Coating  of  LiMn204  particles  using  ampho¬ 
teric  oxides  such  as  Zr02,  ZnO,  ALO3  and  Si02  [4,5]  was 
also  investigated  because  the  oxides  scavenge  HF  and  reduce 
the  degree  of  Mn  dissolution.  Recently,  an  alternative  method 
to  scavenge  HF  has  been  introduced  by  adding  an  amphoteric 
oxide  to  the  slurry  used  to  produce  a  LiMn204  cathode  [14], 
It  was  reported  that  the  new  approach  offers  easier  fabrication 
together  with  effects  similar  to  those  obtained  with  other  coating 
methods. 

In  this  study,  we  investigate  the  mechanism  of  the  fade 
resistance  of  LiMn204  after  mixing  amphoteric  oxides  such  as 
A12C>3,  Zr02,  Sn02  or  ZnO  into  the  cathode  slurry. 

The  effectiveness  of  the  oxides  on  improving  the  fade  resis¬ 
tance  is  evaluated  by  measuring  the  pH  change  of  an  HF  solution 
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Fig.  1.  X-ray  diffraction  patterns  obtained  from  LiMn204. 


Fig.  2.  Scanning  electron  micrograph  of  LiMn204  showing  well-developed 
facets. 

on  addition  of  the  amphoteric  oxides  and  by  considering  particle 
size  effects. 

2.  Experimental 

The  cathode  was  prepared  by  combining  LiMn2C>4, 
polyvinylidene  difluoride  (PVdF)  [8  wt.%  in  NMP  (1-methyl- 
2-pyrrolinone)]  and  carbon  (85:5:10  in  wt.%).  The  amount 
of  amphoteric  oxide  in  the  slurry  was  set  at  2.0  wt.%  of  the 
LiMn2C>4  used  to  produce  the  cathode.  Due  to  their  different 
densities,  the  vol.%  of  the  oxides  was  0.57,  0.34,  0.29  and  0.36 
for  AI2O3,  ZrC>2,  SnC>2,  and  ZnO,  respectively.  Acetone  was 
added  to  enhance  homogenization  of  the  mixture  at  5000  rpm. 
The  cathode  was  fabricated  by  the  doctor  blade  method  on  Al 


Table  1 

pH  changes  of  HF  solutions  on  reaction  with  AI2O3,  ZrC>2,  SnC>2  and  ZnO 


pH  (average)  volZ 


HF  solution  2.84  ±0  N/A 

AI2O3  5.09  0.57 

Zr02  3.36  0.34 

Sn02  2.92  0.29 

ZnO  5.67  0.36 


oxides  (AI2O3,  ZnO,  Sn02  and  Z1O2)  at  room  temperature  at  0.5  °C  rate. 


foil,  followed  by  roll  pressing  and  drying  in  a  vacuum  oven  for 
24h  at  80  °C. 

The  electrochemical  properties  of  LiMn204  were  examined 
in  coin  cells  that  used  lithium  foil  as  a  negative  electrode.  The 
electrolyte  was  1 M  of  high-purity  LiPFg  dissolved  in  ethylene 
carbonate  (EC),  dimethyl  carbonate  (DMC)  and  ethyl  methyl 
carbonate  (1:1:1  volume  ratio).  The  cells  were  assembled  in 
a  dry  room  and  polypropylene  (PP)  was  used  as  a  separator. 
Charge-discharge  and  cycle  experiments  were  carried  out  with 
a  battery  cycler  (Maccor4000,  Maccor).  Charge-discharge  was 
conducted  at  the  0.5  C  rate  and  carried  out  for  50  cycles  with 
cut-off  voltages  in  the  range  of  3. 5-4. 5  V. 

The  crystal  structure  of  LiM^CU  (Dong-woo  fine  chem., 
Korea)  was  examined  by  X-ray  diffraction  (D/MAX-II  A)  with 
Cu  Ka  in  a  scan  range  of  10-80°  (26).  The  morphology  of 
the  LiMn204  particle  was  examined  by  means  of  an  SEM 
(Hitachi,  S-4300,  Japan)  and  the  specific  surface-area  of  the 
oxides  (AI2O3,  ZrC>2,  SnC>2,  ZnO)  was  measured  by  a  BET 
(Brunauer-Emmett-Teller)  surface-area  analyzer  (Micromerit- 
ics,  ASAP2010).  The  pH  change  of  the  HF  solution  after  mixing 


Table  2 

pH  changes/specific  area  of  HF  solutions  containing  AI2O3,  ZrC>2,  Sn02  and  ZnO 

Specific  area  (m2  g-1)  ApH  (average  pH  change)  ApFI/specific  area  (wt.%)  A  pH/specific  area  (vol.%) 

AI2O3  36.99  2.25  0.061  0.0347 

Zr02  42.05  0.52  0.012  0.0042 

Sn02  16.50  0.08  0.005  0.0014 

ZnO  11.35  2.83  0.249  0.0898 
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with  AI2  O3 ,  ZrC>2 ,  SnCh ,  or  ZnO  was  measured  with  a  pH  meter 
(Fisher,  AR20). 

3.  Results  and  discussion 

3.1.  Crystal  structure  and  morphology 

Fig.  1  shows  the  XRD  pattern  of  a  typical  spinel  structure, 
which  indicates  that  the  LiM^CU  particles  used  in  this  study 
do  not  contain  any  secondary  phases  [15].  The  particle  size  is 
in  the  range  of  2-5  |xm  in  diameter,  which  is  larger  than  that 
of  previous  work  [14].  In  addition,  the  particles  are  well  faceted 
(Fig.  2).  The  larger  LiMn2C>4  particles  used  in  this  study  suggest 
the  possibility  of  a  lower  specific  capacity  in  electrochemical 
tests  compared  with  our  previous  work.  This  is  based  on  the  fact 
that  large  particles  tended  to  have  low  specific  capacity  with 
better  capacity  retention,  whereas  small  particles  tend  to  exhibit 
poor  capacity  retention  with  high  specific  capacity  due  to  the 
influence  of  specific  surface-area  [16-18]. 

3.2.  Chemical  reactivity  of  amphoteric  oxides  with  HF 

Four  amphoteric  oxides  were  submerged  in  an  HF  solution 
(pH  2.84)  to  investigate  their  reactivity  by  measuring  the  result¬ 
ing  change  in  pH.  The  type  of  oxide  significantly  affects  the  pH 
change  of  the  solution  after  oxide  addition,  as  shown  in  Table  1. 
The  data  show  that  ZnO  and  AI2O3  are  effective  HF  scavengers. 
The  reactivity  of  the  oxide,  however,  has  to  be  normalized  by 
the  specific  surface-area  of  the  particles  since  the  particle  size 
and  specific  gravity  of  the  oxides  used  in  this  study  are  different. 

The  specific  surface  areas  of  the  oxide  particles  added  to  the 
HF  solution  are  listed  in  Table  2.  Zr02  has  the  largest  specific 
surface-area  (42.05  m2  g_1)  due  to  its  small  particle  size  while 
coarse  ZnO  particles  have  the  smallest  area  (1 1 .35  m2  g_1).  Thus 
the  fine  Zr02  particles  used  in  this  work  appear  to  be  more  effec¬ 
tive  for  HF  scavenging  than  the  large  ZnO  particles  when  the 
same  amount  of  oxide  is  used.  This  is  consistent  with  the  report 
[19]  that  LiMn204  coated  with  small  oxide  particles  exhibits 
better  fade  resistance. 

To  evaluate  the  effectiveness  of  the  amphoteric  oxide  in  scav¬ 
enging  HF  in  the  solution,  normalization  of  the  pH  change  was 
carried  out  by  the  measuring  the  effective  surface-area.  The  nor¬ 
malized  pH  changes  are  listed  in  Table  2.  The  normalization 
procedure  comprises  the  conversion  of  the  amount  of  oxide  from 
wt.%  to  vol.%  since  the  effective  area  is  associated  with  the 
vol.%  of  the  oxides.  The  results  show  that  ZnO  is  the  most  effi¬ 
cient  oxide  in  scavenging  HF  assuming  the  same  surface-area. 
The  normalized  reactivity  of  the  oxides  in  Table  2  also  suggests 
that  Sn02  and  Zr02  are  not  effective  HF  scavengers  and  that 
is  necessary  to  expand  their  surface  by  using  finer  particles  to 
obtain  a  pronounced  improvement  in  fade  resistance. 

3.3.  Electrochemical  properties 

The  cycle  performance  of  the  cathodes  was  examined  at  room 
temperature  at  the  0.5  C  rate.  Fig.  3  shows  that  the  cathode 
with  bare  LiMn204  retains  75%  of  capacity  after  50  cycles. 


whereas  the  addition  of  amphoteric  oxides  produces  about  97% 
of  capacity  retention.  The  specific  capacity  of  the  bare  LiMn204 
decreases  rapidly  during  the  first  15  cycles  and  then  decreases 
linearly.  On  the  other  hand,  LiMn204  with  amphoteric  oxides 
displays  much  improved  capacity  retention.  Thus  the  amphoteric 
oxides  protect  LiMmCL  from  HF  attack.  The  initial  capacities 
of  the  four  modified  specimens  are  similar  to  that  of  the  bare 
cathode.  This  is  a  salient  result  because  cathodes  have  usually 
given  a  lower  initial  capacity  than  the  bare  cathode  when  they 
are  coated  by  amphoteric  oxides  [19,20]. 

Kim  et  al.  [19]  found  that  coating  with  fine  Zr02  particles 
is  more  effective  than  coating  with  coarse  ZrC>2  particles.  This 
was  because  the  large  specific  surface-area  from  the  small  ZrC>2 
particles  provided  a  larger  surface-area  to  react  with  HF  in  the 
electrolyte.  The  authors  also  found  that  the  initial  capacity  was 
decreased  on  coating  LiMn204  with  ZrC>2  particles  since  the 
coated  layer  provides  resistance  to  the  mobility  of  Li  ions.  On 
the  other  hand,  the  present  method  of  mixing  the  amphoteric 
oxides  in  the  slurry  circumvents  the  resistance  by  the  coat  layer 
while  they  efficiently  remove  HF  from  the  electrolyte.  These 
results  suggest  that  the  root  cause  of  the  capacity  fading  of 
LiMm04  is  mainly  HF  attack  rather  than  structural  instabil¬ 
ity  during  the  phase  transition.  It  also  concluded  that  the  2  wt.% 
of  oxides  used  in  this  study  is  sufficient  to  remove  HF  in  the 
electrolyte. 

The  charge-discharge  characteristics  of  the  specimens,  are 
presented  in  Fig.  4.  All  the  specimens  display  two  plateaux 
that  are  attributed  to  orderly  and  disorderly  intercalation  of 
lithium  ions  in  the  tetrahedral  (8a)  sites  at  4.1  and  3.9  V, 
respectively  [21].  The  solid  fine  in  the  figure  indicates  the  first 
charge-discharge  curve,  whereas  the  dotted  line  indicates  the 
50th  charge-discharge  curve.  Therefore,  the  large  gap  between 
the  first  solid  line  and  the  50th  dashed  line  indicates  poor 
capacity  retention.  In  particular,  the  charge-discharge  curve 
exhibits  a  shortened  second  plateau  when  bare  LiMn2C>4  is 
used  to  produce  a  cathode.  This  suggests  that  the  disorderly 
intercalating  lithium  ions  have  limited  mobility  due  to  the  dis¬ 
solution  of  LiMn204  from  the  surface.  On  the  other  hand,  the 
specimens  mixed  with  the  amphoteric  oxides  do  not  show  short¬ 
ening  of  the  second  plateau,  which  indicates  that  the  LiMn204 
surface  is  protected  from  HF  attack  during  charge-discharge 
reactions. 

4.  Conclusions 

The  effect  of  amphoteric  oxides  on  the  electrochemical  prop¬ 
erties  of  LiMn204  has  been  studied  using  electrochemical  tests 
and  several  analytical  methods  such  as  XRD,  SEM  and  BET 
surface-area  analysis.  The  results  from  this  work  can  be  sum¬ 
marized  as  follows. 

(i)  Hydrofluoric  acid  is  the  most  important  determinant  of  the 
capacity  fading  of  LiMn204.  Enhanced  capacity  retention 
can  be  achieved  by  efficient  removal  of  HF  in  the  elec¬ 
trolyte.  The  capacity  retention  of  a  bare  cathode  is  75%, 
whereas  cathodes  with  amphoteric  oxides  mixed  in  the 
slurry  maintain  97%  of  the  initial  capacity  after  50  cycles. 
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(ii)  The  reactivity  of  amphoteric  oxides  with  HF  is  highly 
dependent  on  particle  size  and  effective  surface-area,  as 
well  as  to  the  inherent  chemical  reactivity. 

(iii)  The  normalized  reactivity  of  the  amphoteric  oxides  with 
HF,  based  on  effective  surface-area,  is  highest  for  ZnO 
followed  by  AI2O3,  ZrC>2  and  SnC>2. 

(iv)  Cathodes  containing  amphoteric  oxides  in  the  slurry  do  not 
exhibit  initial  capacity  loss. 
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